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Abstract In this study (0–3) P(VDF-TrFE)/BaTiO3 com-

posites containing up to 60 vol% of ceramic phase were

prepared by solvent casting or compression molding. Their

thermomechanical, dielectric, and piezoelectric properties

were investigated, and discussed in the light of the prop-

erties of the basic components, the processing route and the

resulting morphology. The crystalline structure of the

P(VDF-TrFE) matrix was found to be highly dependent on

the processing route, while the structure of BaTiO3 was not

affected by any of the processing steps. The mechanical

properties of the solvent cast materials showed a maximum

at 30 vol% BaTiO3, while they increased monotonically

with BaTiO3 content for compression molded materials.

This difference was attributed to a higher amount of

porosity and inhomogeneities in the solvent cast compos-

ites. Permittivity as high as 120 and piezoelectric coeffi-

cient d33 up to 32 pC/N were obtained for compression

molded composites, and the observed decrease in d33 with

aging time was attributed to the effect of mechanical stress

release in the polymer matrix.

Introduction

Composites combining a piezoelectric ceramic phase and a

polymer phase, either inactive or piezoelectric, have

attracted great interest as they offer a unique combination

of properties and design flexibility [1, 2]. Piezoelectric and

pyroelectric activity, a wide range of dielectric constants

and high-breakdown strength are combined with mechan-

ical flexibility, formability, and low acoustic impedance.

Furthermore the properties of piezoelectric composites

may be tailored by the judicious choice of the polymeric

matrix and ceramic filler, of their volume fraction, and of

the type of connectivity, making these materials very

attractive for applications as sensors and actuators. Binary

piezoelectric composites may have different connectivity

patterns, which were classified by Newnham et al. [3] and

designated by the notation (m–n), where m and n indicate

the connectivity of each one of the two phases. According

to this nomenclature, composites in which piezoelectric

ceramic particles are completely surrounded by a three-

dimensionally connected polymeric phase have (0–3)

connectivity. As (0–3) composites are easier to manufac-

ture and shape than composites with other connectivity

patterns, a large research effort is taking place to improve

their piezoelectric coefficient. Several polymers have been

used as matrices for such composites, including, e.g.,

epoxy resins [4, 5], chloroprene [6], polyethylene oxide [7],

and polyamides [8, 9]. Polyvinylidene fluoride (PVDF) and

its copolymer with trifluoroethylene, P(VDF-TrFE), have

raised particular interest as they have large relative per-

mittivity and high dielectric strength, and exhibit them-

selves a relatively large piezoelectric activity. It has been

demonstrated for this type of composites that it is possible

to polarize independently the polymeric matrix and/or the

ceramic inclusions [10–13], therefore adding an additional
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degree of freedom to the tuning of the composite proper-

ties. Lead containing perovskites, and particularly PZT

(Pb(Zr,Ti)O3—lead zirconium titanate), are at present the

most widely used materials for sensors, actuators, and other

electronic devices because of their excellent piezoelectric

properties, ease of fabrication, and low cost manufacturing

[14]. Hence, most of the studies on piezoelectric ceramic–

polymer composites with high-piezoelectric activity deal

with PZT-based materials [7, 12, 13, 15–17]. However, for

environmental and health concerns it is desirable to sub-

stitute PZT with a lead-free piezoelectric ceramic and

BaTiO3 may offer a convenient alternative [18]. Although

the piezoelectric coefficient d33 of conventional BaTiO3 is

lower than that of PZT, a large effort is lately taking place

in fabricating high-performance BaTiO3 [19]. In addition

to this, polymer/BaTiO3 composites are also of great

interest for the fabrication of high-relative permittivity

materials for, e.g., embedded capacitors [20–24]. For

polymer/BaTiO3 composites the reported absolute values

for d33 are usually between 1 and 30 pC/N [6, 8, 25, 26]

(the sign depending on the polarization conditions in the

case of piezoelectric polymer matrices), although a d33

higher than 50 pC/N was reported for a PVDF/BaTiO3

composite [27].

The functionality of these composite materials is mostly

due to the dielectric, ferroelectric, and piezoelectric prop-

erties of the ceramic phase, which often needs to constitute

more than 50% in volume. Thus, a challenge is to obtain

homogeneous composites with a well-dispersed ceramic

phase. Furthermore piezoelectric ceramics, e.g., PZT or

BaTiO3, are hydrophilic, and dispersion in highly hydro-

phobic polymers as PVDF and its copolymers may favor

their agglomeration. For example, although mechanical

powder mixing has been sometimes used [27], most of the

PVDF and P(VDF-TrFE)-based composites reported in

literature were prepared by first dispersing the polymer and

ceramics in a solvent. Films were then obtained by solvent

casting [28, 29], spin coating [30], and/or hot pressing/

compression molding under different conditions [26, 31].

Annealing was also sometimes used to improve crystal-

linity of the polymeric matrix [32]. Highly filled (0–3)

composites, however, present a complex morphology due

to the coexistence of several phases: not only the polymer

matrix and the ceramic filler particles, but also, at high

filler concentrations, filler aggregates, and porosities (at

microscopic and macroscopic level), as well as residual

solvent may be present depending on the processing routes

and conditions. As pointed out in a recent review [33],

modification of the surface of the ceramic fillers, through

chemical grafting or the production of core–shell structures

is key to improve filler dispersion, reduce porosity, thereby

improving the mechanical, and electrical properties of the

composites. Most of the existent studies focus on the

dielectric [34–43] and electromechanical [4, 7, 13, 15, 17,

25, 44] properties of such composites and relatively few

systematic studies on their thermal and mechanical

behavior have been published so far. Furthermore the

ceramic volume fractions considered are often much lower

than those used in most applications [45], studies of highly

filled composites mainly being limited to lead-based fer-

roelectric materials [46, 47]. The aim of this study is

therefore to study the effect of processing conditions on

both the thermomechanical and the dielectric and piezo-

electric properties of P(VDF-TrFE)/BaTiO3 composites

over a wide range of compositions.

Experimental

Materials and sample preparation

P(VDF-TrFE) (77/23 mol%) in powder form was provided

by Solvay Solexis SpA (Italy). Two BaTiO3 powders were

used as piezoelectric ceramic fillers. The first one (BT-1)

was a commercial powder (Barium titanate (IV), \2 lm,

99.9% from Sigma Aldrich, USA). The second one (BT-2)

was an in house made BaTiO3 powder, obtained by milling

BaCO3 and TiO2 powders in stoichiometric ratio, per-

forming calcination at 1100 �C for 3 h and milling again

until the desired particle size was achieved. Methyl ethyl

ketone (MEK) was used as solvent (Acros Organics,

2-butanone, 99?%).

Solvent cast films were obtained by first dissolving

P(VDF-TrFE) in MEK at 60 �C in an oil bath on a mag-

netic stirrer for several minutes, until complete dissolution

of the polymer. Then BaTiO3 was added slowly to the

stirred solution in order to avoid powder sedimentation or

agglomeration. The solution was then placed in an ultra-

sound bath (Sonorex Super, Bandelin GmbH & Co. KG,

Germany) for 1 h to further disagglomerate the powder

[26, 31]. Finally the solution was cast on glass and the

solvent was evaporated at room temperature in vacuum for

12 h, and then at 70 �C in vacuum for 2 h. The films

obtained in this way were then divided in three sets. One

set was tested without further treatment, one set was

annealed at 135 �C for 30 min prior to testing, and one set

was used to produce compression molded films. Com-

pression molding was performed in a TP50 hydraulic press

(Fontijne Holland, Netherlands). Two layers of solvent cast

films were superposed and then pressed with 5 MPa, while

heating from 25 to 200 �C in 20 min, then holding at

200 �C for 10 min, and cooling to 25 �C in 20 min.

Materials containing 15, 30, 45, and 60 vol% of BT-1

powder, and 60 vol% of BT-2 powder were prepared. A

concentration of 60 vol% was the limit for which solvent

cast films did not disintegrate upon removal from the glass
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support and for which it was still possible to obtain a

consolidated film by compression molding. Films of

P(VDF-TrFE) were also prepared as references following

the same procedures. In what follows solvent cast materials

are indicated with the code SC-xx-y, solvent cast annealed

materials with the code SCA-xx-y, and compression mol-

ded materials with the code CM-xx-y, where xx indicates

the percent in volume of BaTiO3 and y is equal to 1 or 2 for

materials containing BT-1 or BT-2 particles, respectively.

Methods

The particle size of the BaTiO3 powders was measured

with a Mastersizer particle size analyzer (Malvern Instru-

ments Ltd., UK), after disagglomerating the particles with

an ultrasound horn for 15 min in a solution of polyacrylic

acid (PAA) at 0.01 wt% in water and NH3, with an NH3/

PAA molar ratio of 1.5. X-ray diffraction was performed

on the BaTiO3 powders and on the films using CuKa
radiation on a D8 Discover diffractometer (Bruker AXS,

USA). The morphology of the nanocomposites was

observed in a Philips XL30 FEG (Philips, The Netherlands)

scanning electron microscope (SEM). The samples were

prepared by cryo-fracture and carbon coated to prevent

charging.

The thermal properties of the BaTiO3 powders and of

the films were studied by means of differential scanning

calorimetry (DSC Q100, TA Instruments, USA). The

measurements were carried out between -80 and 200 �C at

a heating/cooling rate of 10 K/min under N2 flow. Ther-

mogravimetric analysis (Mettler Toledo TGA/SDTA 851)

was performed between 30 and 800 �C at 10 K/min under

N2 flow in alumina crucibles. Dynamic mechanical anal-

ysis (Q800 DMA, TA Instruments, USA) was performed

on the films in tensile configuration between -50 and

150 �C at a heating rate of 3 K/min. The excitation fre-

quency was 1 Hz and the applied strain was 0.05% in order

to stay within the linear viscoelastic region, which was

smaller for the composites than for the pure polymer.

Gold electrodes were deposited on the films by sput-

tering. Capacitance and losses were measured as a function

of frequency with an impedance/gain-phase analyzer

HP4194A at room temperature between 100 Hz and

1 MHz and with AC voltage of 1 Vrms. Relative permit-

tivity was then calculated from capacitance. Poling of the

samples was performed in silicone oil. The desired electric

field was applied for 30 min at 110 �C and then for further

30 min while cooling to 35 �C. The piezoelectric coeffi-

cient d33 was measured with a Berlincourt-type d33-meter.

The first measurement was taken 1 h after poling and then

further measurements were performed in the following

days in order to assess aging.

Results and discussion

Powder characterization

BT-1 powder was found to have a mean particle size of

1 lm and BT-2 of 0.7 lm. The XRD patterns of BT-1 and

BT-2 reproduced in Fig. 1 revealed higher tetragonality for

the BT-2 powder as indicated by the better separation of

the (200) and (002) peaks, visible between 2h = 44� and

2h = 46.5�. The DSC measurements (Fig. 2) showed for

both powders a peak at 129 �C upon heating (inset in the

figure) and a peak at 120 �C upon cooling, that can be

attributed to the transition from the tetragonal piezoelectric

phase to the cubic paraelectric phase and vice versa (Curie

temperature, Tc) of BaTiO3. The DH of the transition

was greater for BT-2 (DH = 0.4 J/g) than for BT-1

(DH = 0.2 J/g), indicating higher amount of tetragonal

phase in the BT-2 powder [48, 49].

Structure and morphology of the films

The XRD patterns of the pure P(VDF-TrFE) and composite

films are shown in Fig. 1. The SC-0 film showed a peak at

2h = 20� corresponding to the piezoelectric all trans

crystalline phase of P(VDF-TrFE) and a weak shoulder at

lower 2h attributed to the amorphous phase [50, 51].

The shoulder of the amorphous phase disappeared for the

SCA-0 and CM-0 films, and the peak at 2h = 20� became

Fig. 1 XRD patterns of BT-1 and BT-2 powders, P(VDF-TrFE) and

composite films. In the inset is shown the BaTiO3 double peak

corresponding to the reflections of (200) and (002) planes
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narrower and more intense. This indicates that the SCA-0

and CM-0 films have a better-developed crystalline pie-

zoelectric phase than the SC-0 films. For all the composite

films, the double peak corresponding to the reflections of

the (200) and (002) planes of BaTiO3 was equal to that of

the pure BT-1 powder, indicating no change in the BaTiO3

structure during processing, as expected since the tetrago-

nal phase is stable at room temperature.

SEM micrographs of cryo-fractured surfaces of the SC

and CM films are shown in Figs. 3 and 4, respectively. The

solvent cast films prepared with BT-1 showed a relatively

good through thickness distribution of the BaTiO3 parti-

cles; however, powder agglomerates and polymer rich

areas were visible. The films prepared with BT-2 showed a

better dispersion of the BaTiO3 particles, with no polymer

rich areas and fewer and smaller aggregates. The com-

pression molding step helped to eliminate the polymer rich

areas in the films, therefore obtaining more homogeneous

materials. On the other hand, in the samples with higher

amounts of ceramics the interface between the superposed

layers was still visible in some areas, as highlighted, e.g., in

Fig. 4a, c.

Thermal properties

Thermogravimetric analysis was performed on SC and CM

materials. The results highlighted that the presence of

BaTiO3 increased the thermal stability of both SC and CM

materials. The decomposition temperatures are reported in

Table 1.

DSC thermograms of SC, SCA, and CM materials are

shown in Fig. 2. The heating thermograms of the SC films

showed an endotherm peak corresponding to the Curie

transition, partially overlapping with an exotherm peak

attributed to recrystallization of the polymer. This behavior

is documented for P(VDF-TrFE) copolymers crystallized at

low temperatures [52]. The endotherm peak at 146.3 ±

0.2 �C was attributed to melting of the crystalline phase of

the polymer. It is clear that the DHf measured for these

films is related to their crystallinity after recrystallization.

Therefore, it is not representative of the amount of crys-

talline phase present in the as made films. The heat

capacity step (DCp) corresponding to the glass transition of

the amorphous phase of P(VDF-TrFE) was detected at a

temperature Tg = -32 �C for SC-0, however, Tg could not

be detected for the composites due to the lower amount of

polymer present in the materials. The heating thermograms

of the SCA films showed two endotherm peaks corre-

sponding to the Curie transition at Tc = 126.1 ± 0.7 �C

and to melting at 148.1 ± 0.1 �C, respectively. The melt-

ing peak was sharper and the DHf slightly higher with

respect to what observed for the SC films. This indicates

that the annealing step not only allowed the recystalliza-

tion, to an even slightly higher extent than observed during

the DSC heating cycle of the SC films, but also that the

crystallites obtained were more perfect and with a narrower

size distribution. The heating thermograms of the CM films

showed two endotherm peaks corresponding to the Curie

transition at Tc = 123.1 ± 1.8 �C and to melting at

148.5 ± 1.7 �C. The melting peak, though, was broader

and the DHf was lower than for the SCA materials, indi-

cating that the compression molding step resulted in a

broader size distribution of the crystallites and lower

crystallinity of the polymer.

To assess the effect of the addition of BaTiO3 particles

on the crystallinity of the polymer phase, the DHf measured

for the composites may be compared to the DHf measured

for the pure polymer. Theoretically the DHf measured for

the composites should scale proportionally to the P(VDF-

TrFE) mass fraction, if the presence of BaTiO3 does not

affect the degree of crystallinity. The theoretical DHf for

the composites is calculated as:

Fig. 2 DSC heating thermograms of SC, SCA, and CM films, and of

BT-1 and BT-2 powders (inset). For legibility the scale of the heat

flow of the BT powders is 50:1 with respect to that of the films
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DHf ¼ DHm
f � wp ¼ DHm

f �
qP/P

qP/P þ qB/B

ð1Þ

where wP indicates the mass fraction of P(VDF-TrFE) in

the composites, /P and /B the volume fractions of P(VDF-

TrFE) and BaTiO3, respectively, and qP and qB their

respective densities. The density of P(VDF-TrFE) has been

taken equal to 1.9 g/cm3 [53] and that of BaTiO3 equal to

6.08 g/cm3 according to the supplier’s information. The

comparison between the theoretical and experimental val-

ues is shown in Fig. 5. The DHf of the SC and SCA

materials decreased proportionally to the weight fraction of

the polymer in the composites, indicating that the presence

of the BT did not modify the degree of crystallinity of the

P(VDF-TrFE) matrix. Again, it must be remembered that

the DHf values reported for the SC films were measured

Fig. 3 SEM micrographs of a SC-30-1, b SC-60-1, and c SC-60-2

Fig. 4 SEM micrographs of a CM-30-1, b CM-60-1, and c CM-60-2
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after recrystallization. For the CM materials the decrease

was slightly higher than the theoretical one, suggesting that

in this case the addition of BaTiO3 particles led to

decreased crystallinity of the polymer matrix.

Dynamic mechanical analysis

The storage modulus E0 and ratio of the loss modulus E00 to

the storage modulus E0 (tand) of P(VDF-TrFE) and com-

posite SC films are shown in Fig. 6a, b. The modulus of

SC-0 showed a marked decrease with temperature until

about 100 �C. Then it started to increase slightly, before

leveling off and finally decreasing again approaching the

melting temperature. The modulus increase around 100 �C

corresponds to the appearance of the exotherm peak in the

DSC measurements and supports the hypothesis of a

recrystallization. The modulus of SC-30-1 was higher than

that of SC-0, and followed the same trends. The composites

containing more than 30 vol% of BaTiO3 failed between

100 and 105 �C under the small strain applied. It must be

remarked here that if no strain is applied the materials do

not fail at these temperatures for the only effect of thermal

stress, which allows poling at high temperatures. SC-45-1

and SC-60-1 showed a lower E0 than SC-30-1 at low

temperatures.

The reduction in modulus with increasing filler content

may be attributed to the increased inhomogeneity and

porosity of the materials with high ceramics volume frac-

tion. However, their moduli decreased less steeply with

temperature so that above 40–50 �C the curves of SC-45-1

and SC-60-1 lied above that of SC-30-1. This may be

attributed to the fact that above 40 �C the polymer has a

very low modulus; therefore the reinforcing effect of the

filler has a much higher impact on the final modulus of the

composite than at low temperature. SC-60-2 showed

the highest modulus among the SC materials. This can be

explained in the light of the better dispersion of the BT-2

particles, with smaller aggregates, as shown by the SEM

images. The tand curves of all the SC materials showed a

peak at -33 ± 2 �C, corresponding to the segmental

motions in the amorphous phase (b-relaxation). A second

relaxation process, named a-relaxation, the nature of which

is still debated, appeared above 40 �C [54–56]. For the

pure P(VDF-TrFE) and for the composite filled with BT-2

the a-relaxation process started at lower temperature than

for the composites filled with BT-1. The reason for this

difference in temperature is not clearly understood. The

tand of the materials increased with BaTiO3 volume frac-

tion, with the higher tand corresponding to SC-60-2. The

only exception was SC-30-1, which had the lowest tand at

temperatures below 50 �C. This is opposite to what is

expected upon addition of rigid filler in a polymer matrix

and may be attributed to increased porosity in the speci-

mens with higher amounts of BaTiO3 particles.

The storage moduli E0 and tand of SCA films are

reported in Fig. 6c, d. The storage modulus of the SCA-0

film showed a less marked decrease with temperature than

that of the SC-0 film. A first small drop of E0 was seen at

about -30 �C, corresponding to the b-relaxation. A steeper

decrease in E0 occurred after 110 �C, attributable to the

Curie transition of the P(VDF-TrFE). Then above 135 �C a

further drop in modulus was associated with the melting of

the polymer. The storage moduli of the SCA composites

containing BT-1 particles increased with BaTiO3 concen-

tration up to 30 vol%, and then decreased upon further

BT-1 addition, similarly to what observed for SC films.

The E0 curves of SCA-15-1 and SCA-30-1 showed similar

behavior to that of SCA-0. The E0 of SCA-45-1 and SCA-

60-1 on the other hand started at lower values but

decreased at a smaller rate with temperature, as already

observed for the SC films. The decrease in modulus above

30 vol% BaTiO3 may again be explained by the poorer

dispersion of the filler at high concentrations or higher

porosity. Around 120 �C the E0 curve of SCA-45-1 crossed

the E0 curve of SCA-30-1, in correspondence with the drop

Table 1 Decomposition temperatures Td of SC and CM P(VDF-

TrFE) and composites

BaTiO3 Td (�C)

Powder vol% SC CM

BT-1 0 482 483

30 495 496

60 492 496

BT-2 60 489 490

Fig. 5 Theoretical and experimental values of the ratio between the

heat of fusion of the composites (DHf) and that of the pure polymer

(DHm
f )
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in modulus associated with the Curie transition. SCA-60-1

failed at 115 �C, temperature at which its modulus had

become comparable to that of SCA-30-1. SCA-60-2

showed a modulus about 50% higher than that of SCA-60-1

and comparable with that of SCA-30-1 up to 115 �C,

temperature at which SCA-60-2 failed under the applied

strain. As for the SC composites the higher modulus of

SCA-60-2 compared to the composites filled with BT-1 is

attributed to the better dispersion of BT-2 in the polymer

matrix. The tand curves of all SCA materials showed the

peak at -30 �C, associated with the b-relaxation, although

with reduced intensity compared with the SC materials, in

agreement with the DSC results showing higher crystal-

linity of the P(VDF-TrFE) in the annealed materials. The

a-relaxation phenomenon weakly appeared for SCA-0 and

was not visible for the SCA composites. A peak was visible

at 120 �C corresponding to the Curie transition of both

P(VDF-TrFE) and BaTiO3, before the sharp increase in

tand at 140 �C corresponding to melting of the polymer.

Tand increased upon addition of BaTiO3, except for SCA-

15-1, which had the lowest tand at temperatures below

70 �C. The higher tand was shown by SCA-60-2, similarly

to what was observed for SC films.

The storage modulus E0 and tand of the CM materials as

a function of temperature are shown in Fig. 6e, f. The E0 of

the CM-0 film was found to have at low temperatures a

similar value to that of the SCA-0 films. Three drops in

modulus were present before the final drop due to melting.

The first drop was attributed to the b-relaxation and

the drop at 115 �C to the Curie transition. The decrease

in modulus starting at 5 �C may be attributed to the

a-relaxation, which was more pronounced than for the SCA

materials. The modulus of the composite materials

increased with increasing BaTiO3 concentration, but below

135 �C this increase leveled off beyond 45 vol% BaTiO3.

At all BaTiO3 concentrations the storage modulus E0

steadily decreased with temperature between -50 and

110 �C, the drops in E0 associated with the b and a
relaxations being smaller than for the pure polymer. Then

at about 110 �C the drop in modulus associated with the

Curie transition appeared, the magnitude of which

decreased with increasing BT concentration, followed by a

less steep decrease up to about 135 �C. Then another drop

in E0 happened due to melting of the polymer matrix, once

again of smaller magnitude for the composites containing

higher volume of BaTiO3. The value of tand was lower for

the composites than for the pure polymer as it would be

expected upon addition of a rigid phase. This different

behavior than for the SC and SCA materials may be

attributed to the reduced inhomogeneities and porosity

following the compression molding step. A tand peak was

present for CM-0 at -30 �C, and for the composites

between -32 and -35 �C, attributed to the b-relaxation.

The a-relaxation peak was visible at about 18 �C for CM-0,

but was not detected for the composites. The peak attrib-

uted to the Curie transition was present for all materials

between 115 and 120 �C, before the sharp increase due to

melting of the polymer at 140 �C.

Lower and upper bounds for the modulus of a two-phase

material may be calculated from the volume fractions and

moduli of each phase using the Hashin and Shtrikman

model [57]. According to this model the lower bounds for

Fig. 6 Storage modulus and

tand of a, b SC films, c, d SCA

films, and e, f CM films
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the bulk (KL) and shear (GL) moduli of a two-phase

material are given by:

KL ¼ KP þ
vc

1

Kc�Kpð Þ þ
3vc

3KPþ4GPð Þ
ð2Þ

GL ¼ GP þ
vc

1
Gp�Gc

þ 6 Kpþ2Gpð Þvp

5Gp 3KpþGpð Þ
ð3Þ

where K, G, and m indicate the bulk modulus, shear

modulus and Poisson’s coefficient, and the subscripts p and

c indicate in our case the polymer and ceramic phase,

respectively. The upper bounds KU and GU are obtained by

exchanging the subscripts p and c in the equations above.

The lower (EL) and upper (EU) bounds for the Young’s

modulus may be then be calculated from:

EL ¼ 9KLGL

3KL þ GL
ð4Þ

EU ¼ 9KUGU

3KU þ GU
ð5Þ

The Hashin and Shtrikman bounds were calculated for

the modulus of the SC, SCA, and CM materials at 25 �C

and compared to the experimental values in Fig. 7. The

Young’s moduli of the matrices were taken to be equal to

their E0 measured by DMA in this study, and the Poisson’s

ratio was taken equal to 0.3. For the BaTiO3 the Young’s

modulus was taken equal to 120 GPa and the Poisson’s

ratio equal to 0.35 [58]. The corresponding values of K and

G to be introduced in the Eqs. 2 and 3 were calculated

from:

Kc ¼
Ec

3 1� 2vcð Þ ; Kp ¼
Ep

3 1� 2vp

� � ð6Þ

Gc ¼
Ec

2 1� vcð Þ ; Gp ¼
Ep

2 1� vp

� � ð7Þ

For the SC and SCA composites the experimental values

of the modulus were coincident with the lower bound up to

30 vol% BaTiO3, and below the lower bound for higher

filler fractions. Such behavior is again consistent with a

high porosity of these materials at high BaTiO3 volume

fractions. For the CM composites the experimental values

of the modulus were slightly higher than the lower bound

in the whole range of compositions. A similar result was

obtained, e.g., by Tessier-Doyen et al. [59] for a vitreous

matrix containing spherical alumina particles.

Owing to the shape and morphology of the materials, an

experimental determination of the porosity was not

straightforward. Therefore, a rough estimate of the amount

of porosity which would cause a decrease in modulus

as seen for the SC materials containing more than 45%

BaTiO3 has been attempted theoretically. For simplicity it

was assumed that all the porosity was in the polymer

matrix, and therefore the matrix was considered as a foam,

with a modulus that was lower than that of the non porous

polymer. Then for the SC-45-1 and SC-60-1 the Hashin

and Strickman’s model was used to calculate the moduli of

the matrix needed to have a lower bound corresponding

with the experimental values of the moduli. These calcu-

lated matrix moduli were then considered as the moduli of

a closed pores foam, for which:

Ef

Ep

¼ 0:32 1� /vð Þ2þ 1� /vð Þ
h i

ð8Þ

where /v is the volume fraction of pores in the foam.

Knowing /v it was possible to calculate the corresponding

volume fraction of pores referred to the whole composite

material, which for SC-45-1 and SC-60-1 resulted of 15

and 22%, respectively.

Dielectric properties

The relative permittivity and losses as a function of fre-

quency of films containing 60 vol% of BT-2 are shown in

Fig. 8. In the whole range of frequency SC and SCA

materials showed a lower permittivity than CM ones. This

may be attributed to higher porosity in the SC composites.

In fact if we take for the SC-60-1 composite the calculated

porosity value of 22%, and assuming that the value of

permittivity measured for the CM-60-1 material (124)

corresponded to 0% porosity, we can apply the logarithmic

rule of mixtures to take porosity into account:

log e ¼ /s log es þ /v log ev ð9Þ

where e, es, and ev are the permittivities of the porous

composite, of the non-porous composite, and of the voids

and /s and /v are the volume fractions of the solid com-

posite phase and of the pores, respectively. According to

this calculation the permittivity of the non-porous SC-60-1

composite would be equal to 63, which is close to the

measured value for SC-60-2. As shown in Fig. 8 the rela-

tive permittivity increased with BaTiO3 content for the CM

materials. At all BaTiO3 concentrations the permittivity
Fig. 7 Hashin and Shtrikman bounds and experimental values for the

storage modulus of SC, SCA, and CM materials at 25 �C
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was nearly constant between 102 and 104 Hz then it

decreased. The losses were low (loss tangent \0.05) up to

104 Hz, then they rapidly increased at higher frequencies.

This behavior is characteristic of the b-relaxation of

P(VDF-TrFE) [56].

It must be noticed that the permittivity obtained with

60 vol% BT-1 was higher than that obtained with 60 vol%

BT-2. This may be attributed to the dependence of the

permittivity of BaTiO3 on grain size, the permittivity

showing a maximum for 1 lm grain size, and decreasing at

smaller grain sizes.

A classical model for the relative permittivity as a

function of the ceramic volume fraction is the Brugg-

eman’s equation:

1� /c ¼
ec � e
ec � ep

ep

e

� �1
3 ð10Þ

where /c is the volume fraction of the ceramic and ec, ep,

and e are the relative permittivities of the ceramic, the

polymer, and the composites, respectively. Another model

was proposed by Jayasundere and Smith [60], who

modified the Kerner’s equation [61] in order to take into

account the interactions between neighboring dielectric

particles:

e¼
ep/pþec/c 3ep= ecþ2ep

� �� �
1þ/c ec� ep

� �
= ecþ2ep

� �� �

/pþ/c 3ep

� �
= ecþ2ep

� �
1þ/c ec�ep

� �
= ecþ2ep

� �� �

ð11Þ

The comparison of the experimental results for CM films

at 10 kHz with those calculated assuming the permittivity of

P(VDF-TrFE) equal to that measured for the pure polymer,

and the permittivity of BT equal to 1,500 are shown in Fig. 9.

The agreement between the experimental data and the

Jayasundere model was excellent for the entire range of

compositions, while the Bruggeman’s model slightly

underestimated the relative permittivity in the central part

of the experimental range of compositions.

Piezoelectric coefficient

To choose an optimum polarization field, a series of poling

experiments with increasing electrical field were conducted

on CM-60-2. When the polarization field was increased

from 25 to 100 kV/cm, the d33 increased initially with the

applied field, and then started to level off, suggesting that

full polarization was approached (see Fig. 10). However, it

was not possible to verify by applying higher electric fields

if full polarization was indeed reached, due to breakdown

of the materials.

Fig. 8 Relative permittivity

and loss tangent for a, c SC,

SCA, and CM composites

containing 60 vol% BT-2

and b, d CM P(VDF-TrFE)

and composites filled with BT-1

particles
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As all the materials with lower amounts of BaTiO3

proved to be able to stand the applied field of 100 kV/cm

without breakdown, this field was chosen for the study. The

d33 of the CM materials tested 1 h after poling increased

linearly with BaTiO3 vol% from -5 pC/N for the pure

polymer up to a value of 34 pC/N for 60 vol% BaTiO3

(Fig. 10). The d33 obtained for the pure polymer was low

compared with the value achievable for this polymer,

which is about -30 pC/N, however, it must be remem-

bered that such high values are usually obtained with

poling fields of the order of 500–1000 kV/cm. The absolute

value of the d33 obtained for the films containing 60%

BaTiO3 is comparable with the maximum value obtainable

for the pure polymer (although in the opposite direction),

but it was achieved applying a much lower poling field.

The SC materials showed lower d33 than the CM ones. This

may be related to the lower permittivity.

Aging

When d33 was measured as a function of time, a strong

aging was observed for the composite materials, as high-

lighted in Fig. 11a. The aging rate depended on the type of

powder, BT-2 showing less severe aging than BT-1, and on

the BT vol%, the aging rate increasing at lower BT con-

centrations. The aging was almost completely reversible,

i.e., when an aged sample was poled again the d33 obtained

was up to 92% of the d33 obtained with the first poling. A

hypothesis on the cause of aging is stress release in the

polymer. In fact during poling the domains of the ceramic

phase are oriented in the direction of the field. This rotation

creates a mechanical stress in the polymer. In time the

polymer chains tend to release this stress and this may

cause a partial loss of orientation of the domains ceramic

phase. In order to support this hypothesis the permittivity

of the samples was measured after poling and with aging

time. The relative permittivity of the poled materials

measured immediately after poling was lower than that of

the corresponding unpoled materials, as expected, and the

piezoelectric resonance peaks appeared in the permittivity

patterns (Fig. 11b). Then an increase of the relative per-

mittivity was observed for the poled samples with time

after poling, which can be attributed to the loss of preferred

orientations of some BaTiO3 domains and to the conse-

quent increased density of domain walls. As a consequence

the amplitude of the resonance peaks decreased.

Summary

According to the results of the structural and morphologi-

cal characterization, the (0–3) BaTiO3/P(VDF-TrFE)

composites may be schematized as in Fig. 12. The amount

of particle aggregates and porosity was found to be

dependent on the volume percent and on the type of

BaTiO3 powder, with porosity being also highly affected

by the processing route. The crystalline structure of the

polymeric matrix was mainly influenced by the processing

route.

Fig. 9 Calculated and experimental values for the relative permit-

tivity of CM materials at 10 kHz as function of BaTiO3 content

Fig. 10 Piezoelectric coefficient of a CM-60-2 as a function of

poling field and b CM and SC materials poled at 100 kV/cm as a

function of BaTiO3 content
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It was also evident from the results reported above that

the differences in the dispersion state of the BaTiO3 par-

ticles, as well as in the degree of crystallinity of the

polymer matrix, depending on the powder characteristics

and on the processing route, were reflected in differences in

the mechanical, dielectric, and piezoelectric properties of

the materials. The annealed solvent cast and compression

molded P(VDF-TrFE) films showed a better-developed

crystalline structure than the not annealed solvent cast

films, resulting in lower tand and higher modulus in the

range of temperatures between 0 and 100 �C. However, for

the SCA composite films the inhomogeneity in particle

dispersion caused a degradation of the mechanical prop-

erties with increasing BaTiO3 content. The dielectric and

piezoelectric properties of compression molded films were

also superior to those of solvent cast and annealed films.

For CM composites the relative permittivity increased

according to models and the d33 increased linearly with

BaTiO3 vol%.

Conclusions

The morphology, structure, and properties of (0–3) piezo-

electric P(VDF-TrFE)/BaTiO3 composites were found to

be highly dependent on the volume fraction of BaTiO3

particles and on the processing route. The compression

molding step was found to give the best results for the

mechanical, piezoelectric, and dielectric properties of

highly filled composites when compared to only solvent

casting and annealing, with the CM composites containing

60% BaTiO3 showing a sevenfold increase of the storage

modulus, a high permittivity up to 120, and a d33 up to

32 pC/N. The improvement in properties due to compres-

sion molding was mainly attributed to the reduction of

inhomogeneities and porosity. Other methods to improve

the compatibility between the hydrophilic BaTiO3 particles

and the hydrophobic P(VDF-TrFE) matrix may lead to an

improvement in the quality and properties of the solvent

cast films. The observed reduction of d33 with aging time

was found to be reversible, and was attributed to the vis-

coelastic behavior of the polymer. For practical applica-

tions the aging phenomenon will need to be further

understood and drastically reduced. Work aiming at

addressing these two points is currently ongoing, explor-

ing the effects of the surface modification of the BaTiO3

particles with silanes and the effect of aging on the

morphology and structure of P(VDF-TrFE)/BaTiO3

composites.
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